Abstract: Insect lineages have crossed between terrestrial and aquatic habitats many times, for both immature and adult life stages. We explore patterns in molecular evolutionary rates between 42 sister pairs of related terrestrial and freshwater insect clades using publicly available protein-coding DNA sequence data from the orders Coleoptera, Diptera, Lepidoptera, Hemiptera, Mecoptera, Trichoptera, and Neuroptera. We furthermore test for habitat-associated convergent molecular evolution in the cytochrome c oxidase subunit I (COI) gene in general and at a particular amino acid site previously reported to exhibit habitat-linked convergence within an aquatic beetle group. While ratios of nonsynonymous-to-synonymous substitutions across available loci were higher in terrestrial than freshwater-associated taxa in 26 of 42 lineage pairs, a stronger trend was observed (20 of 31, p binomial = 0.15, p Wilcoxon = 0.017) when examining only terrestrial-aquatic pairs including fully aquatic taxa. We did not observe any widespread changes at particular amino acid sites in COI associated with habitat shifts, although there may be general differences in selection regime linked to habitat.
Introduction
Hexapods first colonized land approximately 479 million years ago (Misof et al. 2014) . Since then, insects have transitioned into freshwater habitats an estimated 50+ times (Dijkstra et al. 2014) , and within those taxa some lineages have reverted to terrestrial habitats. Aquatic insects, here defined as having at least one life stage in water, make up approximately 9% of all described insect species (Foottit and Adler 2009) . The vast majority of aquatic insects inhabit freshwaters, while marine insects are rare. Some aquatic insects are closely associated with aquatic habitats, such as living around the margins of water bodies, while others can remain below the surface of water and have various methods of obtaining oxygen, such as via diffusion, use of air bubbles, gills, storage of oxygen in hemolymph, or use of breathing tubes (Merritt and Cummins 1996) .
Transitions to aquatic life have occurred at various times during the evolutionary history of insects, such that aquatic specialist groups range from order-level taxa to species or species groups that are phylogenetically nested within predominantly terrestrial genera. Habitat shifts occur for both immature (e.g., egg, larval) life stages and, less commonly, for adults. The majority or all species have aquatic larvae in the following orders: Ephemeroptera (mayflies), Odonata (dragonflies and damselflies), Plecoptera (stoneflies), Trichoptera (caddisflies), and Megaloptera (alderflies, dobsonflies, and fishflies). Adult-life-stage habitat shifts (with the larvae inhabiting various environments, but mainly aquatic) have occurred within Coleoptera at least 10 times (Hunt et al. 2007 ), including some reversions; at least five adult shifts have likely occurred in the Hemiptera as well (Carver et al. 1991) . Dipteran lineages have experienced many (20+) terrestrial-to-aquatic larval-stage transitions (plus many reversions) (Chapman et al. 2012; Wiegmann et al. 2011) , as have Hymenoptera (wasps, bees, and ants) (Bennett 2008) and Lepidoptera (moths and butterflies) (Rubinoff and Schmitz 2010; Foottit and Adler 2009) .
There is growing evidence that life-history characteristics and habitats are associated with relative rates of molecular evolution (e.g., Woolfit and Bromham 2003; Foltz 2003; Korall et al. 2010; Mitterboeck and Adamowicz 2013) . Freshwater and terrestrial lineages may generally differ in their relative pace of molecular evolution due to various biological or ecological parameters that potentially differ, on average, between these broad habitat categories.
Freshwater environments are thought to be more subdivided across a landscape, creating "islands" of life (Grosberg et al. 2012 ). This may result in a smaller effective population size (N e ) for species inhabiting freshwater environments as compared to terrestrial environments, leading to increased rate of mainly nonsynonymous substitutions (Ohta 1992; Woolfit 2009 ); this effect is expected to be stronger for mitochondrial than nuclear genes (Neiman and Taylor 2009) . However, freshwater environments range in permanence and connectivity, and aquatic insects may have various attributes or adaptations that could enhance their dispersal potential (Dijkstra et al. 2014) . Specialist terrestrial species-such as parasitoids with high host specificity (Smith et al. 2007 (Smith et al. , 2008 or specialized herbivorous insects (Hebert et al. 2004 )-may also be limited to habitat patches containing suitable host species. Lower predation intensity and higher nutrient supply in freshwater environments (Vermeij and Dudley 2000; Dijkstra et al. 2014 ) may relax selective constraints on metabolic efficiency, while terrestrial organisms also experience greater thermal stress over space and time than aquatic organisms, whose environment buffers such fluctuations (Lancaster and Downes 2013) . On the other hand, limited oxygen supply is one constraint for organisms living beneath the surface of water and may accordingly influence the relative pace of evolution of genes related to obtaining and using oxygen.
The shifts to a novel environment may also impact the rate of molecular evolution via initial reduction in N e , relaxed selective constraints, or positive selection associated with ecological opportunity (e.g., Shen et al. 2009; McMahon et al. 2011) . Confounding the investigation of a single habitat, multiple co-occurring parameters-such as feeding method (e.g., hematophagy), lifestyle, latitude, or generation time-can co-vary with either habitat type. Given these two habitat classes are along a continuum, and much variability in biological and ecological characteristics exists within each class, organisms inhabiting each habitat may not differ systematically in any measure of molecular evolution. Thus, we conduct a primarily exploratory analysis of habitat-linked trends in molecular evolutionary rates.
In addition to any general difference in relative pace of molecular evolution between terrestrial and freshwater insects, specific molecular changes may be associated with either occupancy of a specific habitat or shifting between habitats. Within water scavenger beetles (Hydrophiloidea), habitat-linked convergent molecular evolution in the cytochrome c oxidase subunit I (COI) sequence was proposed from the observation of a single postulated terrestrial to freshwater shift associated with an amino acid change, along with an amino acid change reversion with the shift back to a fully terrestrial habitat within the clade (Song et al. 2014 ). However, given that multiple genes with multiple amino acid positions were scanned to suggest this association, it is unclear whether the co-occurrence was due to chance alone.
Here, we compare relative rates of molecular evolution between aquatic and terrestrial insects using 42 phylogenetically independent comparisons ( Fig. 1 ) from within seven insect orders, for available protein-coding genes. Secondly, we test for habitat-associated convergent evolution in the COI gene across multiple habitat transitions.
Materials and methods

Collection of data
We searched for published molecular phylogenetic studies using protein-coding genes (those published up to August 2015) of insect groups containing both aquatic and terrestrial species, with habitat information either specified in the source study or obtained elsewhere (source study and sister clade details in the supplementary data 2 ). We defined as aquatic those species having their adult and (or) larval life stage living in or on waters; we included taxa with fully aquatic (under water) life stages, but also included semi-aquatic and aquaticassociated species in the aquatic category. A single comparison (#31) had aquatic lineages associated with both marine and freshwater environments, but for simplicity we consider the aquatic habitat category as freshwater. We used phylogenetic relationships from the published phylogenies, with preference for those topologies constructed using a larger number of genes and model-based methods (Hall 2005; Ogden and Rosenberg 2006) . Molecular sequences of protein-coding genes were obtained from GenBank using the accession numbers provided in the source studies. We additionally sought out COI sequences for the same taxa through the Barcode of Life Data Systems (BOLD; Ratnasingham and Hebert 2007) or GenBank, when the original source study did not include that gene.
Sequences were aligned in MEGA version 6 (Tamura et al. 2013 ) by translating in frame into amino acids and then aligning using the Muscle function with default settings. The sequences were verified to be free of stop codons or gaps of 1-2 base pairs. We chose an equal number of species from each sister clade within a terrestrialfreshwater pair, in a phylogenetically dispersed fashion (Robinson et al. 1998) , to reduce node density effects (Hugall and Lee 2007; Bromham et al. 2015) . Molecular rates for the clades of interest were often estimated within the context of a larger tree having multiple sister clades, and the number of clade pairs was maximized such that the connections through branches among differing pairings were not overlapping, thus maintaining phylogenetic independence of sister lineages. Where variability in larval habitat occurred within adultaquatic clades (in one case), we gave preference to include all species in the adult-stage transitions, regardless of habitat occupancy of the immature stage, to increase the sample size for that adult-stage sister pairing. Data were not included where taxonomic groups contained high variability in habitat state among related lineages yet limited species sampling on the phylogeny, such that we could not hypothesize well the direction of transitions in habitat state (e.g., we initially investigated but did not include here the coleopteran groups Curculionidea and Luciolinae nor the dipteran groups Tipulidae and Syrphidae).
Analysis of relative molecular evolutionary rates
Estimation of relative rates for freshwater and terrestrial lineages
The relative rate of molecular evolution in each pairing of freshwater and terrestrial lineages was estimated; here, we included only habitat shifts occurring within insect orders, as multiple confounding factors are less likely to differ among more closely related lineages. Rates were estimated separately for each gene. Nonsynonymousto-synonymous substitution (dN/dS) ratios were obtained for terrestrial and sister aquatic clades using the package PAML version 4.4 (Yang 2007) program codeml. Nonsynonymous substitution rates (dN) and synonymous substitution rates (dS) for the clades of interest were also calculated separately using a Python script to perform the calculation using the PAML output files (Mitterboeck et al. 2016) . dN, dS, and dN/dS ratios were concatenated per sister pair across genes by using estimated counts of substitutions (calculated by rates and sequence lengths). Total branch lengths were similarly calculated using counts of substitutions by these estimates. Gene data were summarised altogether across each sister pair, as well as separately for mitochondrial and nuclear genes.
Analysis of habitat-linked patterns in molecular rates across sister pairs
The data were examined for suitability for inclusion in binomial (and also Wilcoxon signed-rank) tests by first testing for significant negative correlations between the rate differences versus the square root sum of branch lengths for the pairs; application of the exclusion criterion recommended by Welch and Waxman (2008) enables the removal of low-information pairs. We analysed whether relative molecular rates were higher in the freshwater or terrestrial environment by binomial test across the sister pairs, with the null expectation of 50% of pairs being higher in each habitat. The data were next examined for suitability for the Wilcoxon signed-rank Fig. 1 . Composite phylogeny including aquatic and terrestrial lineages used in analysis. Blue, or lighter-toned, lineages represent species living in or that are associated with aquatic environments at the larval life stage. Where indicated in the order names with *, the taxa generally live in aquatic habitats at the adult life stage as well, with some variation in larval habitat category existing within Coleoptera. Labels after species names, for both aquatic (AQ) and terrestrial (TER) lineages, indicate the sister comparison number as matching with Fig. 2 . Unlabeled branches are either terrestrial or mixed in habitat state and were included as outgroups. The habitat state of internal blue/lighter or black/darker lineages are the postulated ancestral states from the source studies or are hypothesized here via the parsimony criterion. Lineages representing terrestrial to aquatic habitat transitions are labeled with a blue circle on the lineage, while aquatic to terrestrial habitat transitions are labeled with a brown square. Not all possible habitat transitions are shown-only those included in at least one of the analyses conducted in this study. Taxa labels: Neur., Neuroptera; Trichopt., Trichoptera; Mc, Mecoptera. Source studies used for phylogenetic topologies: Insecta backbone and Mecoptera: Misof et al. 2014; Coleoptera: Bernhard et al. 2006; Hunt et al. 2007; Song et al. 2014; Diptera: Brammer and von Dohlen 2007; Wiegmann et al. 2011; Curler and Moulton 2012; Chapman et al. 2012; Trichoptera: Hayashi et al. 2008; Lepidoptera: Regier et al. 2012; Rubinoff and Schmitz 2010; Hemiptera: Li et al. 2012; Neuroptera: Aspöck et al. 2012 . Complete information on the source studies used for topologies and habitat information, and sources of molecular data, is provided in the supplementary data 2 .
Fig. 1 (concluded).
test by checking for positive correlations between the rate difference for each pair standardised by the square root sum of branch lengths (Garland et al. 1992 ) against the standardisation factor. In the case of significant positive correlations, comparisons with the largest square root sum of branch lengths were removed until the data fit the specifications (this occurred for dS and total branch lengths). Wilcoxon signed-rank tests were performed on the standardised rate differences. All tests were repeated with the mitochondrial and nuclear genes separately.
A subset of the data was created of sister pairs that included only the organisms that enter or can live below water, for at least one life stage, as these might be expected to show the strongest habitat-linked trends as compared to aquatic-associated or semi-aquatic species. Lastly, the direction of transition was considered, with history of transitions obtained from the source studies. Relative rates were compared between sister pairs with aquatic¡terrestrial versus terrestrial¡aquatic shifts using binomial tests within each of these categories separately and with a Fisher's exact test between the two categories.
Exploration of convergence associated with habitat in COI
The clades compared for evidence of habitat-associated convergence were those used in the above sister pair analysis of relative rates plus an additional five taxonomic comparisons spanning sister clades at or above the order level; these were included since amino acid variation is more constrained than nucleotide variation. Out of these 47 possible sister pairs, 44 were represented by COI data. A global alignment of COI sequences was created. The topologies of all constituent taxonomic groups were combined into a single tree (compiled tree) with the order-level backbone topology informed by Misof et al. (2014) , similar to Fig. 1 here, but with the addition of some COI data to represent multiple lineages in aquatic and terrestrial orders that were not previously tested (Table S3 2 ). The ancestral amino acid sequence for each node on the tree, including terrestrial-aquatic lineage pairings, was obtained using FastML (Ashkenazy et al. 2012 ) with the JTT (default) model of substitution. Substitutions in the tip lineages that differed from the ancestral condition in the aquatic or terrestrial lineages were recorded. In cases of multiple tip lineages present within a sister clade, a single tip sequence was needed for the subsequent tabulation of convergent amino acid changes; therefore, the most recent common ancestor of the multiple tip lineages was used as the "tip", and this was compared with the common ancestor of the terrestrial-aquatic sister lineages. Convergent substitutions are here defined as those where the ancestral condition was not the same amino acid but the end state is the same among independent lineages, while parallel substitutions have both the same ancestral and end-state amino acids across independent lineages.
Test of similar amino acid changes across all freshwater or all terrestrial lineages
Each amino acid site in COI was examined across the entire set of 44 comparisons for evidence of sites showing convergent or parallel changes in either the terrestrial lineages or the aquatic lineages. Amino acids were categorised into five physico-chemical categories (as in Bromham 2016) . At each amino acid site in the alignment, the number of changes across all aquatic lineages (from each associated ancestor) to a particular amino acid or amino acid category was compared to the number of other changes at that site in the aquatic lineages, as a proportion. This was repeated for terrestrial lineages alone. These proportions at each site for each amino acid or amino acid category were compared between aquatic and terrestrial lineages, with a 2-tailed Fisher's exact test. This was repeated for terrestrial¡aquatic and aquatic¡ terrestrial comparisons separately, to evaluate convergent or parallel changes associated with shift to the new aquatic or terrestrial habitat, respectively. Here, only differences detected in the environment of the direction of shift were considered; thus, a 1-tailed Fisher's exact test was used. Raw p values are provided and were also corrected with the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995) (False Discovery Rate of 0.05) based on the total number of sites with changes.
Test of amino acid sites under positive selection
We identified amino acids sites in COI with evidence of positive selection among multiple lineages (as in Besnard et al. 2009 ) where the transition between habitats is likely to have occurred. Given that substitutions can be similar among multiple independent lineages by chance, if numbers of convergent changes exceed this expectation, it is likely that their existence is caused by positive selection (Graur and Li 2000) . The inclusion of lineages within the compiled tree was modified for this analysis depending on the transition direction by eliminating sub-clades representing habitat reversions within the clade of interest, or minimizing lineages of those clades in the case of a subsequent re-reversion (to the habitat of interest). These two trees with branches labeled are provided in the supplementary data 2 .
Branch-site models (Zhang et al. 2005 ) of positive selection in PAML were used. Twenty-nine separate internal or tip lineages where terrestrial¡aquatic transitions were reconstructed were labeled to the same foreground class, with all other branches as background. In a second tree, 16 internal or tip lineages were labeled where aquatic¡terrestrial transitions were postulated. Note COI data were not available for all transitions marked in Fig. 1 . Since the taxa included (all insects) are diverse, and differing regions of COI were available for different taxonomic groups, a strict cut-off for indication of positive selection was not applied. Instead, amino acid sites under the highest probability of positive selection-here with a Bayes Empirical Bayes (BEB) value greater than 0.5-were further considered. Among these, the number of changes to the same amino acid or amino acid category was tallied across the independent aquatic and terrestrial lineages, with the lineages also grouped by direction of transition.
Examination of Song et al. (2014) amino acid changes in COI (3= end) associated with habitat
We tallied the changes to the same amino acid across the independent aquatic or terrestrial lineages at the COI position proposed by Song et al. (2014) . The position is located at 1381-1383 (amino acid site 461) in the 1531 total base pairs of the COI gene of Tropisternus sp. (Insecta, Coleoptera, Hydrophilidae) (GenBank accession NC_018349). All sister pairs with that region of COI available were considered, with the exception of those pairs derived from Song et al. (2014) , as these formed the basis of the hypothesis tested. In this study we report all amino acid sites according to this same reference sequence.
Test of convergence in pairs of aquatic lineages
Finally, the program CONVERG2 (Zhang and Kumar 1997) (JTT model) was used to test pairs of phylogenetically independent aquatic lineages for evidence of higher levels of convergent evolution than would be expected by chance. Not all possible pairwise combinations of aquatic lineages with COI data were run. Rather, specific pairs of aquatic lineages were tested, selected with the following criteria: (i) the aquatic lineages represent terrestrial¡aquatic transitions, (ii) aquatic lineages occur within the same insect order and have similar taxonomic rank (e.g., family compared to a family), (iii) the aquatic clades possess the same or a similar number of tip lineages (single-tip comparisons paired only with single-tip comparisons, etc.), (iv) the available shared COI sequence length is at least 200 amino acids, and (v) each pair of aquatic lineages together displays a minimum of eight changes from their respective ancestors. For each pair of aquatic lineages chosen, the phylogeny of the entire taxon group (e.g., order, or genus) containing both transitions was used in the CONVERG2 test. For comparison, the corresponding pairs of sister terrestrial lineages were tested in the same way. All input and output files (e.g., alignments) for all analyses are available on the University of Guelph Research Data Repository.
Results
Relative rates
Forty-two independent sister taxon pairs (Fig. 1) , each having sequences for 1-17 protein-coding genes available, were analysed. These 42 comparisons represented a total of 148 pairs of terrestrial-freshwater estimated relative rates for single genes. Terrestrial lineages had higher dN/dS ratios than their paired freshwater lineages in 26 cases, while the freshwater sister lineages had higher dN/dS ratios than the terrestrial lineages in 16 cases (p binomial (p b ) = 0.16, p Wilcoxon (p W ) = 0.056) (Fig. 2) . The median larger/smaller dN/dS ratio was -1.31. Neither mitochondrial dN/dS ratios alone (23 vs. 16, p b = 0.34, p W = 0.41) nor nuclear dN/dS ratios alone (16 vs. 9, p b = 0.23, p W = 0.061) were significantly higher in terrestrial lineages. Nonsynonymous substitution rates (dN), synonymous substitution rates (dS), nor overall branch lengths differed significantly between habitat categories for all genes together or within nuclear and mitochondrial gene categories alone (full results in the supplementary data 2 ). We also did not detect any significant difference in relative ratios based on transition directionality; dN/dS ratios in the freshwater¡terrestrial direction (nine pairs with the terrestrial lineage higher versus seven pairs with the freshwater lineage higher) and the terrestrial¡freshwater direction (17 vs. 9) did not differ significantly (Fisher's exact p = 0.74).
The trend of higher dN/dS ratios in terrestrial environments became stronger when aquatic-associated and semi-aquatic comparisons were removed, leaving only those comparisons including organisms that enter or live below water in at least one life stage. Almost twothirds of dN/dS ratios were higher in the terrestrial environment (20 vs. 11, p b = 0.15, p W = 0.017) (blue/plain bars in Fig. 2) , which was similar for dN (22 vs. 9, p b = 0.030, p W = 0.091), while dS were equally often higher in both habitat types (16 vs. 15, p b = 1.0, p W = 0.28 (freshwater direction)).
Convergence in COI
Three amino acid sites had suggestive differences (uncorrected 2-tailed p = 0.048 to 0.088) in their frequencies of amino acid or amino acid category changes between freshwater and terrestrial lineages (sites 170, 461, and 480 in the reference sequence). Similarly, this was true for four amino acid sites (uncorrected 1-tailed p = 0.048 to 0.071) across comparisons from the terrestrial¡freshwater direction only (sites 334, 354, 413, and 480) . However, none of these differences remained statistically significant after correction for the number of sites tested. The most extreme difference (in terms of counts) appeared to be one site (site 354) that had five independent postulated changes to a V across 21 lineages that entered the freshwater environment, while the terrestrial lineages inhabiting the ancestral habitat type exhibited two changes to an I. Full results are provided in the supplementary data 2 .
Ten sites (Table S5 2 ) had high probabilities of positive selection with the transition to aquatic habitat, compared to just one site for the transition to terrestrial habitat. Of these sites, there was a maximum of three more changes to the same amino acid in the new environment than was reconstructed in the lineages that were postulated to have stayed in the same environment.
The habitat-linked change previously reported in Hydrophiloidea beetle COI sequences (Song et al. 2014 )-of changes to A amino acids in terrestrial and S or G amino acids in freshwaters-was not consistently detected when using a broad phylogenetic range of terrestrial versus freshwater paired lineages. The target region of COI was available for 31 freshwater-terrestrial clade pairings (excluding the Song et al. 2014 data) ; among these, five differences were observed at this site from their reconstructed ancestral sequences to the freshwater or terrestrial tips. A single change to a G (from S) corresponded with one shift to freshwaters, while changes to both A and S occurred within terrestrial clades, but not in conjunction with shifts to terrestrial habitat (i.e., these changes occurred within a background of terrestrial ancestry). Both freshwater and terrestrial taxa exhibited G, S, and (or) A amino acids at that position.
Seven nonoverlapping pairs of independent freshwater lineages were tested for greater numbers of convergent or parallel substitutions than would be expected by chance: three pairs within Coleoptera (sister pairs 6 vs. 10, 5 vs. 9, and 7 vs. 11), two pairs within Diptera (27 vs. 30, and 24 vs. 29) , one within Lepidoptera (15 vs. 17), and one within Hemiptera (1 vs. 3). Each of these four taxonomic groups had one comparison with greater levels of convergence or parallelism than was expected by chance in the aquatic lineages (all with p < 0.01; full details in Fig. 2 . Relative aquatic:terrestrial (AQ:TER) dN/dS ratios across 42 sister comparisons. Relative dN/dS ratios are displayed as 1 minus the smaller dN/dS ratio over the larger dN/dS ratio, signed based on which habitat had the larger ratio (AQ > TER is positive, TER > AQ is negative). The overall dN/dS ratios (bars) were higher in the terrestrial clade in 26 comparisons and higher in the aquatic clade in 16 comparisons (p binomial = 0.16, p Wilcoxon = 0.056). Aquatic type designations (colours of bars): Blue/plain, below water-when at least one life stage can live/enter below water; Green/diagonal stripes, semi-aquatic-when the term semi-aquatic or wet was used to describe the taxa or habitat, respectively; purple/horizontal stripes, aquaticassociated taxa-when the habitat was described as marginal (e.g., river banks) or organisms are surface dwelling. A general classification of aquatic type was given (below, semi, or associated), but variation in aquatic type existed within the aquatic clades; the comparison was labeled based on the specific taxa used in analysis and the most detailed habitat information obtained, with greater weight in assigning the category given to those taxa with the greatest amount of genetic data available (details provided in the supplementary data 2 ). Taxa labels: Hemipt., Hemiptera; Nr, Neuroptera; Tr, Trichoptera; Mc, Mecoptera. Table S6 2 ). This included one convergent change in each of Lepidoptera and Coleoptera (pair 5 vs. 9), three parallel changes in Diptera (pair 27 vs. 30), and two parallel and two convergent changes in Hemiptera. However, two of these seven pairs also had significant results for the sister terrestrial lineages.
Discussion
Based on multiple phylogenetic contrasts, we observed neither freshwater nor terrestrial insects with significantly more often higher rates of molecular evolution. However, terrestrial insects had significantly higher dN/dS ratios than freshwater lineages with semi-aquatic or aquaticassociated comparisons removed.
Possible reasons for lack of trends
Some methodological factors could lead to lack of observable trends in relative rates. Low sampling of species compared to true diversity-as is common in insect taxa-could potentially cause habitat shifts to be reconstructed as more ancient than they actually are. Similarly, a portion of the postulated habitat history of a lineage of interest may belong to the other habitat category, if the true closest sister of a contrasting habitat state was not available for analysis or if paraphyletic lineage pairs were used. These occurrences could lead to the underestimation of rate differences between lineages belonging to separate habitat categories. Finally, any errors in phylogenetic reconstruction, as compared to actual lineage history, could introduce noise into the dataset (bootstrap values for nodes of interest given in the supplementary data 2 ); indeed, multiple phylogenetic hypotheses were often available. However, we do not think measured rates would be biased toward any particular habitat category unless there was strong sequence convergence or rate acceleration based on habitat causing systematic, incorrect phylogenetic reconstruction. Overall, we do not expect the methodology to cause a directional bias in rates, while we acknowledge that rate differences between categories may be underestimated here.
Fit of relative molecular evolutionary rates with original hypotheses
Hypothesis 1: effective population size
The more often higher dN/dS ratios in terrestrial lineages do not support generally smaller effective population size (N e ) in freshwater-living or freshwater-associated lineages. Even considering possible counter-acting influences on mitochondrial dN/dS ratios in freshwaters (Hypothesis 2, below), the nuclear genes still more often exhibit higher ratios in terrestrial environments. The results suggest that consistent differences in N e may not exist, or if so, that terrestrial organisms more commonly have smaller N e . Insects from primarily terrestrial clades are hypothesized to have more specialised herbivorous diet breadth than insects from primarily freshwater clades, and this has been supported empirically (e.g., Cronin et al. 1998) . Thus, the results could reflect narrower food source range in terrestrial than aquatic realms, despite more extensive overall biome distribution. We did not directly measure any biological or ecological parameters of organisms in these environments. Large barcoding datasets, complemented by other markers, could be used to estimate relative N e among terrestrial and freshwater insects and to help tease apart influences from selection on COI specifically versus N e effects operating genome-wide.
Hypothesis 2: metabolic efficiency and oxygen use
The included genetic data in this study was a small and biased portion of the genome, in that the genes were obtained from source studies that conducted phylogenetic tree reconstruction. These data were obtained with the intention of addressing trends in molecular evolutionary rates genome-wide (e.g., effective population size), rather than for detecting specific genes or gene types that are under positive selection linked to habitat. However, mitochondrial genes are not strictly neutrally evolving (Ballard and Kreitman 1995) and may specifically be under selection relating to occupancy of freshwater habitats, and thus are further considered here.
We expected that mitochondrial oxidative phosphorylation (OXPHOS) genes might possess lower dN/dS ratios in aquatic lineages-especially for those organisms living below water-due to tighter constraints in freshwaters relating to oxygen availability and hence purifying selection to maintain metabolic efficiency. However, the support for this hypothesis in our data are at most weak: although the habitat association was stronger for overall dN/dS ratios and also dN with the inclusion of only fully aquatic species, the mitochondrial dN/dS ratios were not consistently lower in freshwater lineages. This contrasts with apparent molecular trends in mitochondrial genes between organisms with more consistently and presumably highly different energy requirements, such as flightless insects versus flying insects (Mitterboeck and Adamowicz 2013) or more sedentary versus locomotive fishes (Strohm et al. 2015) . However, our intention was to look for trends based on broad habitat category itself; the use of empirically measured low-versus high-oxygen environments would test this hypothesis more directly.
Molecular convergence in COI based on habitat
Molecular convergence at sites in COI may be expected if aquatic environments were consistently associated with a difference in oxygen levels or metabolic activities as compared with terrestrial organisms. However, this is not reflected in the molecular rates results (discussed above) or results of convergence tests. Specific amino acid changes associated with high energy expenditure in lower-oxygen conditions have been observed in other genes of the cytochrome c oxidase complex, such as in the COIII gene in high-altitude bar-headed geese (Scott et al. 2011) . While some degree of greater convergence in aquatic than terrestrial lineages was observed, particular amino acid changes in COI were not prevalent across most comparisons here (5 of 21+ comparisons at most). Thus, the observed changes are likely not key to the successful habitat transition, as might be expected in the case of genes that are directly and necessarily linked with a specific organismal trait (e.g., Besnard et al. 2009 ). Furthermore, the most extreme difference in terms of counts of changes observed (between I and V) was between amino acids in the same physico-chemical category and at a site with low amino acid diversity across the lineages, and thus likely reflects exchangeability rather than adaptation. Using genomic data, more biological information on the genetic basis of habitat shifts could firstly be obtained through consideration of convergence and similarities in gene types under differential selection pressures between habitats (e.g., Foote et al. 2015) .
We secondly did not observe support for the proposed habitat-convergent amino acid site in water scavenger beetles when examining a range of insect taxa. Although the particular amino acid site is in a COI region expected to be slower evolving (transmembrane region of the protein) (Tourasse and Li 2000; Morrill et al. 2014) , the three amino acids observed at that position (S, G, and A) possess similar physico-chemical properties (small, nonpolar amino acids) (Bromham 2016) , and the codons are separated by single nucleotide changes. These were the only three amino acids present at that position in the alignment of over 200 phylogenetically diverse insect species. The lack of the same observation in other taxa here suggests the original observation may not be due to adaptation relating to habitat shifts, although there could be multiple molecular changes that would produce the same functional result. Statistically incorporating baseline substitution frequencies into future convergence analyses would improve our ability to detect functionally relevant convergence based on habitat. In addition, functional studies would provide an independent perspective on the biological significance of any postulated amino acid changes linked to habitat.
Lotic versus lentic freshwater habitats considered
Within the freshwater realm, the type of environmentlotic versus lentic-may vary with molecular evolution in predictable ways. Lotic insects, i.e., those inhabiting running water, have higher habitat stability, evolutionary longevity (Dijkstra et al. 2014) , smaller geographic range size on average (Ribera and Vogler 2000) , and less-dispersive flying adult forms than lentic insects, i.e., those living in standing water (Ribera et al. 2001; Dijkstra et al. 2014 ). These differences in dispersal tendencies have been observed to lead to greater population differentiation in running water than standing water (Marten et al. 2006) . Indeed, higher lineage-level molecular rates have been observed in lotic than lentic species of water beetles, thought to be due to smaller N e in the lotic species (Fujisawa et al. 2015) . Most of the freshwater clades included in our analysis were of mixed habitat designations but predominantly lotic. Thus, it is possible that trends in dN/dS ratios observed here, if due to relative differences in N e , may be stronger for lentic than lotic freshwater insects as compared with their terrestrial relatives.
Parallels between aquatic habitat and other biological and ecological traits
Another area for further investigation would be to analyze the correlation between relative rates and additional biological parameters that display parallels with the transition to an aquatic lifestyle. For example, endoparasitoids could also be considered as aquatic, and some have similar methods of obtaining oxygen as aquatic larvae-such as the use of tunnels to the outside of the host organism (e.g., Tachinidae fly endoparasitoid larvae), akin to breathing tubes in some aquatic larvae (e.g., fly Eristaline larvae) (Marshall 2012) . Although other parameters common to endoparasites are likely not common to freshwater insects generally, comparing the two groups may be helpful to discern common genetic patterns associated with aquatic lifestyle separate from freshwater aquatic habitat.
Moreover, there is undoubtedly much variation in terms of biology, ecology, and molecular evolution among lineages within both the freshwater and terrestrial habitat categories, such as different feeding styles (herbivorous, predatory, and parasitoid) and dispersal tendencies. Future studies may incorporate multivariate analysis (e.g., Bromham et al. 2015) to reduce noise in trends of molecular evolution linked to individual characteristics of lineages.
Implications
The gene with highest availability across the sister comparisons was COI (in 38 sister pairs below the order rank), regions of which are often employed in identifying specimens to the species level as well as delineating sequencing into species-like units with the use of DNA barcoding (Hebert et al. 2003; Ratnasingham and Hebert 2013) . Although some interesting trends in dN/dS ratios and dN were detected, overall nucleotide models (for which we observed no habitat-linked pattern) are more commonly used for molecular operational taxonomic unit (MOTU)-based delineation. Thus, no adjustment to insect MOTU delineation on the basis of habitat occupancy alone needs to be recommended based upon our results presented here.
Conclusions
This study overviews molecular rate differences and molecular patterns relating to freshwater versus terrestrial habitat across a wide range of insect taxa. The subtle habitat-linked trends-higher dN/dS ratios and dN in terrestrial lineages-observed here using a limited number of genes may be indicative of stronger trends when considering molecular rates and patterns genome-wide.
